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Abstract: Behavioral stress is a recognized triggering factor for systemic diseases, including 

psychiatric disorders. The stress response is subjected to circadian regulation and many factors shape 

the susceptibility to its maladaptive consequences, including the biological sex. Accordingly, 

circadian dysregulation of the stress response, often occurring in a sexually dimorphic manner, is 

typically associated with psychiatric disorders. However, the interaction between stress, sex, 

circadian phases, and behavior is still largely unknown. Here, we used the Chronic Restraint Stress 

(CRS) model in male and female mice to assess the impact of sex and circadian phases on the 

behavioral consequences of chronic stress. Animals were stressed either in the light or dark phase 

and anxious-/depressive-/anhedonic-like behaviors were assessed. Associated transcriptional 

changes in clock genes were measured in the prefrontal cortex. A significant interaction of stress, sex 

and circadian phase was found in most of the parameters evaluated, with no behavioral response to 

stress in males stressed in the dark phase, and an exaggerated response in females stressed in the 

dark phase compared to the light phase. We also found some molecular changes in corticosterone 

serum levels and expression of clock genes in the prefrontal cortex.  

Keywords: chronic stress; circadian rhythm; sex differences; depressive behavior; anxious behavior; 

anhedonic behavior; mice; prefrontal cortex; clock genes  

 

1. Introduction 

The stress response is a physiological reaction of the body towards a stressor that alters the 

homeostasis [1]. Nevertheless, the intensity and chronicity of the insults are decisive for challenging 

the individual capability to cope with stress. Accordingly, stress and especially chronic stress is 

recognized as a major environmental risk factor for both physical and mental health [2]. The 

association between chronic stress exposure and adverse mental health outcomes involves a complex 

interplay of biological, psychological, and behavioral mechanisms [3]. The stress response is indeed 

individually shaped based on the genetic background, epigenetic remodeling, personality traits, 

socioeconomic state, and many other factors [4]. Among these, in recent years, scientific evidence 

highlighted the influence of biological sex on response to different types of stress exposure [5].  

In humans the prevalence of stress-related psychiatric diseases is higher in females than in males 

and, despite similar rates of exposure to most types of stressors, women more often face specific 

interpersonal life events that increase the risk for developing psychiatric illness [6]. Moreover, 

ovarian hormone fluctuations were reported to modulate not only women's susceptibility to stress, 

but also brain plasticity and function [5,7]. Accordingly, preclinical studies use stress protocols to 
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induce behavioral phenotypes resembling psychiatric symptoms of depressed patients and showed 

specific behavioral responses, associated with different molecular signatures, between males and 

females. Such differences include changes in the reactivity of the hypothalamus-pituitary-adrenal 

(HPA) axis, epigenetic remodeling, and immune response to stress [6]. 

At the same time, psychiatric disorders are frequently associated with a dysregulation of 

circadian rhythms and sleep patterns, often occurring in a sexually dimorphic manner [8]. However, 

the interaction between circadian phase, stress response, sex and depressive-like behaviors is still 

largely unknown.  

Circadian rhythms influence a wide range of physiological and behavioral aspects and are 

driven by the complex interplay of a set of core clock genes. Among these, brain-and-muscle arnt-

like protein 1 (Bmal1) codes for a transcription factor promoting the transcription of period (Per1 and 

Per2), and cryptochrome (Cry1 and Cry2) genes, which in turn activate a negative feedback 

suppressing Bmal1 activity [9]. A period of approximately 24 h is achieved via a delay between peak 

transcription and peak translation, and via the accumulation and degradation of proteins.  

The master clock is located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus, 

which receives light information by the retinohypothalamic tract and, in turn, coordinates the 

response both in other brain areas (including the cortex) and in peripheral organs [9]. Importantly, 

the prefrontal cortex (PFC), a brain area implicated in executive functions, stress response, emotion, 

and learning [10], as well as with depression pathogenesis [11,12], is anatomically linked to SCN and 

shows diurnal changes in the expression of circadian clock genes [13], with significant functional 

consequences. Indeed, it has been demonstrated that alterations of daily rhythms may impact 

fundamental properties of PFC neurons [14], as well as PFC-associated behaviors [13].  

Here we used a mouse model of depression based on chronic restraint stress to study sex and 

circadian rhythm dependent behavioral alterations and their association with changes in the 

activation of the HPA and in the expression of core clock genes in the PFC.  

2. Results 

2.1. Sex and Circadian Rhythm Dependent Effects of Chronic Restraint Stress on Body Weight in Mice  

Male and female mice were exposed to 3 weeks of chronic restraint stress (CRS) either during 

their active or inactive phase (dark or light phase, respectively) and body weight was measured twice 

weekly (Figure 1). To neutralize obvious changes in the absolute weight (male mice weigh more than 

females), data are reported as percentage compared to the mean value of the same experimental 

group the day before the start of CRS. 

 

Figure 1. Body weight changes in male and female mice stressed in the dark or light phase. (a) Percentage of 

body weight gain in male and female control (CNT) and CRS mice stressed in the light phase, during the 21 days 

of CRS. Mixed-effects model followed by Tukey’s post-hoc test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs 

CNT on the same day within sex; §§p<0.01, §§§p<0.0001 vs CRS on the same day between sexes. Data are reported 

as means ± SEM. (b) Percentage of body weight gain in male and female CNT and CRS mice stressed in the dark 

phase, during the 21 days of CRS. Mixed-effects model followed by Tukey’s post-hoc test: *p<0.05, ***p<0.001, 

****p<0.0001 vs CNT on the same day within sex. Data are reported as means ± SEM. (c) Average percentage of 

weight gain in male and female mice from day 12 to day 19 of CRS mice stressed in the light or dark phase. 3-
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way ANOVA followed by Tukey’s post-hoc test: *p<0.05, ***p<0.001, ****p<0.0001. The statistics of the 

interactions between the independent variables are reported in the inserts below each graph. Full statistical 

details are reported in Table S1. 

When stressed during the light phase (Figure 1a), although control animals gained weight 

physiologically as young adults, both male and female CRS mice showed a decreased body weight 

gain compared to respective controls, but with significant sex differences across the 3 weeks of stress. 

Indeed, while the weight of CRS male mice remained almost stable starting from 5 days of stress, 

female CRS mice showed a significant reduction of their weight compared to the pre-stress condition 

starting from the 9th day of stress, except for the recovery of part of the weight on the 19th day to 

values similar to the 5th day, suggesting a certain degree of adaptation. Conversely, when animals 

were stressed during the dark phase (Figure 1b), CRS mice showed again a reduction of weight gain 

but with minor sex differences and both male and female mice showed a progressive recovery of 

weight starting from day 16th of stress back to respective weights before the beginning of the stress 

protocol.  

Our data suggest that, while in females the body weight is similarly affected by stress in the light 

or dark phase, in males a more pronounced effect is seen when the animals are stressed during the 

dark phase. To confirm this hypothesis, we calculated the mean weight gain from day 12 to day 19 of 

stress for each animal and evaluated the combined effect of sex, stress, and circadian phase on weight 

gain (Figure 1c). We observed that albeit CRS mice gained less weight than controls in all the 

conditions, in male mice the reduction of weight was significantly higher when the animals were 

stressed during the dark phase compared to when they were stressed during the light phase.   

2.2. Sex and Circadian Rhythm Dependent Behavioral Effects of Chronic Restraint Stress in Mice 

To assess sex and circadian rhythm dependent behavioral alterations induced by CRS in mice, 

we exposed the animals to a battery of behavioral tests aimed at assessing anxious-like (open field 

test, OFT), depressive-like (tail suspension test, TST and forced swim test, FST), and anhedonic-like 

(sucrose splash test, SST) behaviors. Behavioral evaluations were performed in the morning before 

CRS exposure, either in the light or dark phase depending on the specific experimental group. 

As for time spent in the center of the arena in the OFT (Figure 2a), we found a significant 

interaction of sex, stress, and circadian phase. Major changes included significant reductions of the 

time spent in the center in (i) females compared to males when tested in the light phase, (ii) males 

when tested in the dark phase compared to light phase, and (iii) CRS females stressed during the 

dark phase compared to the respective control. Conversely, only simple interactions between stress 

and circadian phase, as well as between stress and sex, were observed for the number of entries in 

the central part of the arena (Figure 2b). Specifically, we observed a reduction in the number of entries 

in male control animals tested in the dark phase compared to light phase while, in animals tested in 

the dark phase, we measured an increase of the number of entries in control females compared to 

control males and a reduction in CRS females compared to control females. 
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Figure 2. Phenotypical characterization of anxious and depressive-like behaviors in male and female mice 

stressed in the dark or light phase. (a) Time and (b) number of entries in the center of the arena during the OFT. 

(c) Immobility time in the TST and (d) in the FST. 3-way ANOVA followed by Tukey’s post-hoc test: *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. The statistics of the interactions between the independent variables are 

reported in the inserts below each graph. Full statistical details are reported in Table S2. Image provided by 

Servier Medical Art [15], licensed under CC BY 4.0. 

In the TST (Figure 2c), we only found a significant effect of the interaction between stress and 

circadian phase, with increased immobility time in control males when tested during the dark phase 

compared to light phase, while more changes were observed for the time of immobility in the FST 

(Figure 2d). A significant effect of the three independent variables was observed with no significant 

interactions (Table S2). In control animals, males showed a decrease in immobility time when tested 

in the dark phase compared to light phase, while females showed a higher immobility than males in 

the light phase. In CRS mice, the immobility time was decreased in males tested in the dark phase 

compared to light phase while, in animals tested in the dark phase, the time of immobility was 

increased in females compared to males and in CRS females compared to control females.   

In the SST, the time of grooming was increased in CRS males when tested in the dark compared 

to light phase (Figure 3a), no significant changes were observed in the number of bouts (Figure 3b), 

while the latency to grooming was higher in CRS females in the dark phase compared to both CRS 

females in the light phase and CRS males in the dark phase (Figure 3c). 

 

Figure 3. Phenotypical characterization of anhedonic behavior in male and female mice stressed in the dark 

or light phase. (a) Time of grooming, (b) number of bouts, and (c) latency to first event of grooming during the 
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SST. 3-way ANOVA followed by Tukey’s post-hoc test: *p<0.05, **p<0.01, ****p<0.0001. The statistics of the 

interactions between the independent variables are reported in the inserts below each graph. Full statistical 

details are reported in Table S3. Image provided by Servier Medical Art [15], licensed under CC BY 4.0. 

Overall, our behavioral data suggest a complex interplay between sex, stress, and circadian 

phase depending on the specific behavioral trait analyzed. We thus applied a z-score-based approach 

to integrate behavioral results into three main domains: anxious-like behavior obtained by the 

integration of OFT results, depressive-like behavior integrating TST and FST results, and anhedonic-

like behavior for SST results (Figure 4).  

 

Figure 4. Z-score of anxious, depressive and anhedonic-like behaviors in male and female mice stressed in the 

dark or light phase. (a) Z-score normalization of the parameters evaluated in the OFT (time in the center and 

number of entries). (b) Z-score normalization of the parameters evaluated in the TST and FST (immobility time 

in the two tests). (c) Z-score normalization of the parameters evaluated in the SST (time of grooming, number of 

bouts, and latency to grooming). (d) Z-score normalization of all the parameters evaluated in the behavioral tests 

(time in the center and number of entries in the OFT, immobility time in the TST and in the FST, time of 

grooming, number of bouts, and latency to grooming in the SST). 3-way ANOVA followed by Tukey’s post-hoc 

test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The statistics of the interactions between the independent 

variables are reported in the inserts below each graph. Full statistical details are reported in Table S4. 

We found a significant interaction of sex, stress, and circadian phase for the anxious-like 

phenotype, with increased anxiety traits selectively in females stressed in the dark phase compared 

to all the other experimental groups (Figure 4a). For depressive-like behavior, we only observed a 

significant effect of stress, with a general increase of depressive-like traits in CRS mice which however 

reached significance only for male mice stressed in the light phase (Figure 4b). A significant stress x 

circadian phase interaction was revealed for anhedonic-like behavior (Figure 4c). Indeed, anhedonic-

like behavior was present only in male mice stressed during the light phase and not when stressed in 

the dark phase. 

Finally, we integrated all behavioral data as a measure of sex, stress, and circadian phase 

dependent behavioral stress response in mice and found a significant interaction of the three variables 

(Figure 4d). Interestingly, we found that in males the behavioral response was exacerbated only when 
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the animals were stressed in the light phase but not when they were stressed in the dark phase. 

Conversely, in female mice, stress triggered a behavioral response both when the animals were 

stressed in the light and dark phases, but with a stronger effect in the dark phase. 

2.2. Sex and Circadian Rhythm Dependent Effects of Chronic Restraint Stress on Corticosterone Serum 

Levels and Expression of Clock Genes in the Prefrontal Cortex of Mice 

Having found that CRS exerted a differential behavioral impact on male and female mice 

depending on the circadian phase when stress was administered, we selected 5-7 animals per 

experimental group to perform molecular evaluations. 

First, we measured the serum levels of the stress hormone corticosterone, as an indicator of the 

levels of activation of the HPA axis (Figure 5a). Interestingly, we found a significant effect of sex 

(higher levels in females), circadian phase (obvious higher levels in the dark phase) and interaction 

between sex and circadian phase, with significantly increased corticosterone serum levels in female 

mice stressed in the dark phase compared to males and to females stressed in the light phase. 

 

Figure 5. Serum corticosterone levels and clock genes expression in the prefrontal cortex of male and female 

mice stressed in the dark or light phase. (a) Serum corticosterone levels. (b) Scheme of clock genes mechanism 

of action in the control of circadian rhythm [9]. (c) Bmal1, (d) Cry1, and (e) Per1 mRNA levels in the prefrontal 

cortex. FC: fold change. 3-way ANOVA followed by Tukey’s post-hoc test: *p<0.05, **p<0.01, ***p<0.001. The 

statistics of the interactions between the independent variables are reported in the inserts below each graph. Full 

statistical details are reported in Table S5. 

We then asked whether behavioral and hormonal alterations were associated with changes in 

the expression of clock genes in the prefrontal cortex and measured mRNA expression of Bmal1, Cry1 

and Per1.  

As for Bmal1, as expected (Figure 5b), we found a significant effect of the circadian phase with 

higher levels in the light phase. We also measured a significant effect of stress and of the interaction 

of sex, stress, and circadian phase, with a reduction in control male mice tested in the dark phase 

compared to light phase (Figure 5c). The significant interaction of the three independent variables 

suggests that Bmal1 levels are differentially modulated by stress in males and females depending on 

the circadian phase. Indeed, we can observe non-significant trends towards reduced Bmal1 

expression in male mice stressed in the light phase and in female mice stressed in the dark phase, as 

well as a trend over reduction in females compared to control males in the light phase. 
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For Cry1 expression, we again found a significant and expected effect of time with increased 

levels in the dark phase, and a significant effect of the interaction between circadian phase and stress, 

with trends of increased levels in animals stressed in the light phase (Figure 5d) 

Conversely, only a significant effect of the interaction between sex and stress was reported for 

Per1 expression (Figure 5e). Indeed, CRS tend to increase Per1 levels in males and to decrease them 

in females independently on the circadian phase. Although Per1 levels are expected to be higher in 

the dark phase than in the light phase, the significant interaction between sex and stress masks any 

effect of the circadian rhythm. 

3. Discussion 

To the best of our knowledge, this is the first study specifically addressing circadian rhythm 

dependent behavioral effects of chronic stress in male and female mice and possible molecular 

correlates. We found an interaction of biological sex, stress, and circadian phase in influencing body 

weight gain, behavioral and hormonal responses to stress, and the expression of the clock genes 

Bmal1, Cry1, and Per1 in the PFC. 

Chronic restraint stress is well known to reduce body weight in both sexes in mice and rats 

although with some inconsistencies [16–21]. Here we assessed, for the first time, the impact of the 

circadian phase on the effects of chronic restraint stress in male and female mice and found that 

females lose more weight than males when stressed in the light phase, while males lose more weight 

if stressed in the dark phase compared to light phase.  

These results suggest sex specific metabolic adaptations depending on the time of the day when 

the animals experience stress. Interestingly, sex differences tend to normalize towards the end of the 

protocol, suggesting a certain degree of adaptation, as also suggested by previous studies [19]. Since 

the reduction of body weight induced by stress has been associated with a transient reduction of food 

consumption and with metabolic and energy homeostasis alterations [22], we could speculate that, 

when stressed in their inactive phase (light phase), female mice may be more sensitive to metabolic 

alterations than males, while male mice may be more affected if stressed during their active phase 

(dark phase). Since we did not evaluate food intake and/or metabolic parameters in this study, this 

hypothesis should be verified in the future. 

Interestingly, changes in body weight, appetite, and metabolic disturbances are also typical 

symptoms of mood disorders and often present with sexual dimorphism [23–25]. We thus asked 

whether sex and circadian rhythms could also participate in shaping the behavioral consequences of 

chronic stress, testing the animals in a battery of tests to evaluate changes in anxious-, depressive-, 

and anhedonic-like phenotypes. Of note, applying a z-score normalization, grouping behavioral 

readouts in the three domains, we clearly highlighted that chronic stress can exert various effects on 

behavior. Indeed, anxious, depressive, and anhedonic behaviors were not influenced in a concerted 

way but rather may follow independent trends. Although both anxious- and depressive-like 

behaviors were induced by stress in all the experimental conditions (significant effect of stress), the 

stress exposure in the dark phase clearly exacerbated anxious-like behavior selectively in females but 

not in males, while no sex or circadian phase dependent effects were found for depressive-like traits. 

Conversely, the effects of stress on anhedonic-like behavior depended only on the circadian phase 

and were found specifically in male mice stressed in the light phase.  

Intriguingly, integrating all the behavioral results, we observed that chronic stress induced 

significant effects in male mice only if administered in the light phase, while female behavior was 

affected by stress exposure both in the light and dark phases. Accordingly, in a previous study, 

chronic mild stress was reported to induce depressive and anxious-like phenotypes in male Wistar 

rats only in the light phase, but not in the dark phase [26]. 

The effect of circadian rhythm in the context of sexual dimorphism in behavior has been poorly 

explored. Animal models of mood disorders are essentially based on chronic stress exposure [27] 

because it is recognized to induce behavioral alterations in both males and females, although with 

some sex differences [21,28,29]. Indeed, preclinical and clinical evidence converge in demonstrating 
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that sex and gender can lead to differences in stress responses that predispose males and females to 

different expressions of similar pathologies  [6,7]. At the same time, anxiety and depressive 

disorders typically affect twice as many women as men, with women reporting greater severity and 

more atypical and somatic symptoms [30,31].  

The mammalian circadian clock is based on a molecular oscillator present in virtually every cell 

of the body and the stress response physiologically follows the circadian rhythm as well [32]. Our 

data support the idea that circadian rhythm plays a crucial role in the manifestation of specific 

behavioral phenotypes in males and females induced by chronic stress exposure. This aspect is 

relevant for both preclinical research and from a translational point of view. Our data demonstrate 

that the laboratory environment in which animal manipulation and behavioral tests are performed 

can have a substantial impact on the results, thus experiments conducted in animal facilities with the 

daylight cycle may be incomparable to experiments conducted in a reversed light environment. This 

should be taken into consideration in future studies. Moreover, considering that the uncoupling of 

the sleep-wake cycle from natural light is a hallmark of modern society and that alterations of the 

circadian rhythm are not uncommon, especially in some professions, this could represent a risk factor 

for the development of mood disorders. 

The search for possible molecular mediators involved in the behavioral changes induced by 

stress led us to measure corticosterone serum levels, as an evaluation of HPA axis activation [33], and 

the transcriptional levels of key clock genes in the PFC, a brain area involved in cognitive and 

emotional processes, significantly influenced by circadian rhythms [14]. In line with previous 

evidence [34], we found higher corticosterone serum levels in females compared to males, but we 

also found that chronic stress significantly increased corticosterone serum levels selectively in female 

mice stressed in the dark phase. If acute stress is well known to cause a rapid increase of 

corticosterone serum levels [35,36], chronic stress often causes adaptive mechanisms, limiting or fully 

preventing any changes in HPA axis activation [37–39]. Our data suggest that the exacerbation of the 

behavioral stress response in female mice stressed in the dark phase is associated with a long term 

hyperactivation of the HPA axis, suggesting a disruption of the physiological homeostasis [2]. 

The study of transcriptional levels of clock genes highlighted obvious circadian phase dependent 

changes, with higher Bmal1 expression in the light phase and higher Cry1 expression in the dark 

phase. Moreover, we found significant effects of stress for Bmal1 expression and a significant 

interaction between stress and circadian phase for both Bmal1 and Cry1. Surprisingly, we found no 

significant circadian changes in Per1 levels, which were blunted by the effects of the interaction 

between sex and stress. Although more studies involving a higher number of animals are warranted 

to better understand the role of these and other clock genes in the circadian effects of chronic stress 

in males and females, our data suggest that stress can cause a dysregulation of the circadian clock in 

the PFC in a sex dependent manner. Accordingly, previous studies showed that chronic stress may 

induce alterations in the expression of clock genes in the PFC in both mice and rats [40–42], although 

this evidence only came from male animals.  

4. Materials and Methods 

4.1. Animals 

All the experiments were conducted in accordance with the European Community Council 

Directive 2010/63/UE and approved by the Italian legislation on animal experimentation (DL26/2014, 

authorization N 103/2022-PR). 5 weeks-old male and female C57BL/6 mice were purchased from 

Charles River (Calco, Italy) and kept in the quarantine room for one week before starting the 

experimental protocol. The animals were housed in same-sex groups of five and maintained under 

standard animal facility conditions, with temperatures at 20-22°C and with ad libitum access to water 

and food. For mice subjected to CRS during the light phase, the light was set on at 7:00 a.m. and off 

at 7:00 p.m. while mice receiving CRS during the dark phase were exposed to light from 7:00 p.m. to 

7:00 a.m. 
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4.2. Body Weight Measurements 

Mice were weighted twice weekly. Data are reported as percentage of body weight compared to 

the mean value of the same experimental group the day before the start of the stress protocol. 

4.3. Chronic Restraint Stress 

The mice belonging to the CRS group were exposed for a period of 21 consecutive days to 2 

hours/daily of confinement within a 50 ml tube with a diameter of 5 cm, with dedicated ventilation 

apertures ensuring unobstructed respiration [43]. CRS was conducted randomly between 9:00 a.m. 

and 01:00 p.m. under standard lighting conditions for the light phase sets and red light for the dark 

phase sets. Control mice were left undisturbed in their cages except for behavioral tests and weight 

measurement. The experimental timeline is depicted in Figure 6. 

 

Figure 6. Experimental timeline. Male and female mice were exposed to chronic restraint stress (CRS) for 2 h 

every day for 21 consecutive days. Mice were weighed twice a week, and behavioral tests were performed at 

different timepoints. OFT: open field test; TST: tail suspension test; FST: forced swim test; SST: sucrose splash 

test. 

4.4. Tail Suspension Test 

The tail suspension test (TST) was conducted under dim light. Mice were hung for 6 minutes by 

the tip of the tail to a horizontal bar 1 meter distant from the floor [44]. An IR camera placed in front 

of the mice was used for recording. The immobility time was manually recorded over the last 5 

minutes of the video by at least two blinded experimenters.  

4.5. Open Field Test 

The open field test (OFT) was conducted in a dark squared arena (40x40 cm) with 20 cm high 

walls and a smaller illuminated square at the center. Mice were placed at the center of the arena and 

were allowed to move freely for 6 minutes [44]. An IR camera suspended above the field was used to 

record the test. The following parameters were manually scored during the last 5 minutes of the 

recording by two blinded experimenters: (1) time spent in the central square (sec); (2) number of times 

the mouse crossed the perimeter of the central square, either entering or exiting. 

4.6. Sucrose Splash Test 

For the Sucrose Splash Test (SPT), mice were placed for 5 minutes in an empty cage and sprayed 

on the dorsal coat with a 10% (w/v) sucrose solution [45]. The test was conducted under normal 

lighting conditions for light phase experiments or red light for dark phase sets. The following 

grooming-related behaviors were measured: (1) time of grooming (sec); (2) number of bouts; (3) 

latency to the first grooming event (sec). After completing the test, mice were exposed to the FST.    

4.7. Forced Swim Test 

Immediately after the SST, each mouse was subjected to the forced swim test (FST) [46]. The FST 

lasted 5 minutes, during which the mouse was placed inside a cylinder of 20 cm diameter and 40 cm 

height, filled with 24°C water, and allowed to move freely. After the completion of the test, the mouse 

was dried and returned to its cage. The test was conducted under normal lighting conditions for light 
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phase experiments or red light for dark phase sets. The immobility time was manually recorded 

throughout the 5-minute duration by two blinded experimenters. 

4.8. Sacrifice 

Mice were sacrificed by decapitation 1.5 h after the end of FST, in the late morning, 

approximately 4-6 h after light change. Sacrifice was performed under normal lighting conditions for 

light phase experiments or red light for dark phase sets. Trunk blood was collected, centrifuged 3,000 

rcf for 20 minutes at 4° C and stored as plasma at -80° C. Brains were dissected on ice and the 

prefrontal cortex (PFC) was collected, snap-frozen in dry ice, and kept at -80°C.  

4.9. Corticosterone Measurement 

Plasma corticosterone levels were measured as in [47]. 

4.10. RNA Isolation, Reverse Transcription, and Real-Time PCR 

Total RNA was extracted from mouse PFC using Tri-Reagent (Sigma-Aldrich, Milano, Italy) and 

Direct-zol RNA MiniPrep (Zymo Research, Freiburg, Germany), according to the manufacturer’s 

instructions. Reverse transcription was carried out using the iScript cDNA Reverse Transcription kit 

(BioRad Laboratories, Segrate, Italy). qPCR was performed using iTaq Universal SYBR Green 

supermix (Bio-Rad Laboratories). Primers used for qPCR were: Per1 For: 

CCAGATTGGTGGAGGTTACTGAGT, Per1 Rev: GCGAGAGTCTTCTTGGAGCAGTAG; Cry1 For: 

AGGAGGACAGATCCCAATGGA, Cry1 Rev: GCAACCTTCTGGATGCCTTCT; Bmal1 For: 

CTCCAGGAGGCAAGAAGATTC, Bmal1 Rev: ATAGTCCAGTGGAAGGAATG. The relative 

expression of Per1, Cry1, and Bmal1 was calculated using the comparative Ct (ΔΔCt) method and 

was expressed as fold change relative to control male mice tested in the light phase [48]. The mean of 

GAPDH (For: CGTGCCGCCTGGAGAAACC, Rev: TGGAAGAGTGGGAGTTGCTGTTG) and β-

actin (For: GCCAGAGCAGTAATCTCCTTCT, Rev: AGTGTGACGTTGACATCCGTA) was used as 

a control reference. 

4.11. Statistics 

Statistical analysis was performed using GraphPad Prism 10 (GraphPad Software Inc., San 

Diego, CA, USA), applying 3-way analysis of variance (ANOVA) followed by Tukey’s post hoc 

multiple comparisons test, when appropriate with time, sex, and stress as independent variables for 

weight gain across the 3 weeks of stress, and sex, stress, and circadian phase as independent variables 

for all the other evaluations. Data are expressed as means ± standard error of the mean (SEM) for 

weight gain across the 3 weeks of stress or box and whiskers from minimum to maximum value for 

all the other evaluations. An alpha level of 0.05 was used for all statistical tests and statistical 

significance was assumed at p < 0.05.  

Statistical details for each figure are reported in Supplementary Tables as indicated in figure 

legends.  

5. Conclusions 

We recognize the limitations of our study such as the limited battery of tests used to evaluate 

anxious-, depressive-, and anhedonic-like behaviors, the small number of animals included in 

molecular evaluations and of clock genes measured, and the lack of consideration of a possible impact 

of estrous cycle (and associated hormonal waives) on the results obtained in female animals. 

Nevertheless, our results show, for the first time in literature, sex and circadian rhythm 

dependent behavioral changes induced by chronic restraint stress in mice and identify some possible 

hormonal and molecular correlates. Further studies are required to understand the specific circadian 

rhythm dependent determinants of different stress behavioral susceptibility in the two sexes. 

However, based on our results, we recommend taking into consideration both biological sex and the 

circadian phase in the study of behavioral and molecular effects of stress, and hypothesize that such 
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an approach could improve consistency across studies and help identify druggable targets for the 

personalized therapy of stress-related disorders. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Table S1: Statistics of Figure 1; Table S2: Statistics of Figure 2; Table S3: Statistics 

of Figure 3; Table S4: Statistics of Figure 4; Table S5: Statistics of Figure 5. 

Author Contributions: Conceptualization, L.M.; formal analysis, J.M., L.M.; investigation, J.M., P.M., N.N., and 

M.G.; resources, L.M., A.I.; writing—original draft preparation, J.M, L.M.; writing—review and editing, J.M., 

P.M., N.N., M.G., A.I., and L.M.; visualization, J.M., L.M.; supervision, L.M.; funding acquisition, L.M. All 

authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by University of Milano-Bicocca, grant number 2021-ATEQC-005. 

Institutional Review Board Statement: The animal study protocol was approved by the Institutional Review 

Board of the University of Milano-Bicocca and by the Italian Ministry of Health (Aut. 103/2022-PR, protocol 

FB7CC.55 approved on 02/10/2022). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: We thank Martina Pavesi, Beatrice Rampinini, Alice Meregalli and Lucrezia Aglioni for 

technical help. . 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to 

publish the results. 

Abbreviations 

The following abbreviations are used in this manuscript: 

CRS Chronic Restraint Stress 

FST Forced swim test 

HPA Hypothalamic–pituitary–adrenal axis 

OFT Open Field test 

PFC Prefrontal cortex 

SCN Suprachiasmatic nucleus 

SST Sucrose splash test 

TST Tail suspension test 

References 

1. McEwen, B. Allostasis and Allostatic Load Implications for Neuropsychopharmacology. 

Neuropsychopharmacology 2000, 22, 108–124, doi:10.1016/S0893-133X(99)00129-3. 

2. Sanacora, G.; Yan, Z.; Popoli, M. The Stressed Synapse 2.0: Pathophysiological Mechanisms in Stress-

Related Neuropsychiatric Disorders. Nat Rev Neurosci 2022, 23, 86–103, doi:10.1038/s41583-021-00540-x. 

3. Penner-Goeke, S.; Binder, E.B. Epigenetics and Depression. Dialogues Clin Neurosci 2019, 21, 397–405, 

doi:10.31887/DCNS.2019.21.4/ebinder. 

4. Larrieu, T.; Sandi, C. Stress-Induced Depression: Is Social Rank a Predictive Risk Factor? BioEssays 2018, 40, 

doi:10.1002/bies.201800012. 

5. Slavich, G.M.; Sacher, J. Stress, Sex Hormones, Inflammation, and Major Depressive Disorder: Extending 

Social Signal Transduction Theory of Depression to Account for Sex Differences in Mood Disorders. 

Psychopharmacology (Berl) 2019, 236, 3063–3079, doi:10.1007/s00213-019-05326-9. 

6. Mengelkoch, S.; Slavich, G.M. Sex Differences in Stress Susceptibility as a Key Mechanism Underlying 

Depression Risk. Curr Psychiatry Rep 2024, 26, 157–165, doi:10.1007/s11920-024-01490-8. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2025 doi:10.20944/preprints202506.0098.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0098.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 14 

 

7. Hodes, G.E.; Bangasser, D.; Sotiropoulos, I.; Kokras, N.; Dalla, C. Sex Differences in Stress Response: 

Classical Mechanisms and Beyond. Curr Neuropharmacol 2024, 22, 475–494, 

doi:10.2174/1570159X22666231005090134. 

8. Kronfeld-Schor, N.; Einat, H. Circadian Rhythms and Depression: Human Psychopathology and Animal 

Models. Neuropharmacology 2012, 62, 101–114, doi:10.1016/j.neuropharm.2011.08.020. 

9. Takahashi, J.S. Transcriptional Architecture of the Mammalian Circadian Clock. Nat Rev Genet 2017, 18, 

164–179, doi:10.1038/nrg.2016.150. 

10. Friedman, N.P.; Robbins, T.W. The Role of Prefrontal Cortex in Cognitive Control and Executive Function. 

Neuropsychopharmacology 2022, 47, 72–89, doi:10.1038/s41386-021-01132-0. 

11. Hare, B.D.; Duman, R.S. Prefrontal Cortex Circuits in Depression and Anxiety: Contribution of Discrete 

Neuronal Populations and Target Regions. Mol Psychiatry 2020, 25, 2742–2758, doi:10.1038/s41380-020-0685-

9. 

12. Hiser, J.; Koenigs, M. The Multifaceted Role of the Ventromedial Prefrontal Cortex in Emotion, Decision 

Making, Social Cognition, and Psychopathology. Biol Psychiatry 2018, 83, 638–647, 

doi:10.1016/j.biopsych.2017.10.030. 

13. Sarrazin, D.H.; Gardner, W.; Marchese, C.; Balzinger, M.; Ramanathan, C.; Schott, M.; Rozov, S.; Veleanu, 

M.; Vestring, S.; Normann, C.; et al. Prefrontal Cortex Molecular Clock Modulates Development of 

Depression-like Phenotype and Rapid Antidepressant Response in Mice. Nat Commun 2024, 15, 7257, 

doi:10.1038/s41467-024-51716-9. 

14. Roberts, B.L.; Karatsoreos, I.N. Circadian Desynchronization Disrupts Physiological Rhythms of Prefrontal 

Cortex Pyramidal Neurons in Mice. Sci Rep 2023, 13, 9181, doi:10.1038/s41598-023-35898-8. 

15. Smart.Servier.Com Available online: https://smart.servier.com/ (accessed on 30 May 2025). 

16. Kuti, D.; Winkler, Z.; Horváth, K.; Juhász, B.; Szilvásy-Szabó, A.; Fekete, C.; Ferenczi, S.; Kovács, K.J. The 

Metabolic Stress Response: Adaptation to Acute-, Repeated- and Chronic Challenges in Mice. iScience 2022, 

25, 104693, doi:10.1016/j.isci.2022.104693. 

17. Jeong, J.Y.; Lee, D.H.; Kang, S.S. Effects of Chronic Restraint Stress on Body Weight, Food Intake, and 

Hypothalamic Gene Expressions in Mice. Endocrinology and Metabolism 2013, 28, 288, 

doi:10.3803/EnM.2013.28.4.288. 

18. Harris, R.B.S.; Palmondon, J.; Leshin, S.; Flatt, W.P.; Richard, D. Chronic Disruption of Body Weight but 

Not of Stress Peptides or Receptors in Rats Exposed to Repeated Restraint Stress. Horm Behav 2006, 49, 615–

625, doi:10.1016/j.yhbeh.2005.12.001. 

19. Kamens, H.M.; Anziano, E.K.; Horton, W.J.; Cavigelli, S.A. Chronic Adolescent Restraint Stress 

Downregulates MiRNA-200a Expression in Male and Female C57BL/6J and BALB/CJ Mice. Genes (Basel) 

2024, 15, 873, doi:10.3390/genes15070873. 

20. Wang, J.; Sun, L.; You, J.; Peng, H.; Yan, H.; Wang, J.; Sun, F.; Cui, M.; Wang, S.; Zhang, Z.; et al. Role and 

Mechanism of PVN–Sympathetic–Adipose Circuit in Depression and Insulin Resistance Induced by 

Chronic Stress. EMBO Rep 2023, 24, doi:10.15252/embr.202357176. 

21. Olave, F.A.; Aguayo, F.I.; Román-Albasini, L.; Corrales, W.A.; Silva, J.P.; González, P.I.; Lagos, S.; García, 

M.A.; Alarcón-Mardones, M.; Rojas, P.S.; et al. Chronic Restraint Stress Produces Sex-Specific Behavioral 

and Molecular Outcomes in the Dorsal and Ventral Rat Hippocampus. Neurobiol Stress 2022, 17, 100440, 

doi:10.1016/j.ynstr.2022.100440. 

22. Luo, Y.; Liu, Q.; Mao, Y.; Wen, J.; Chen, G. Different Action of Glucocorticoid Receptor in Adipose Tissue 

Remodelling to Modulate Energy Homeostasis by Chronic Restraint Stress. Lipids Health Dis 2025, 24, 121, 

doi:10.1186/s12944-025-02539-0. 

23. Mannan, M.; Mamun, A.; Doi, S.; Clavarino, A. Is There a Bi-Directional Relationship between Depression 

and Obesity among Adult Men and Women? Systematic Review and Bias-Adjusted Meta Analysis. Asian J 

Psychiatr 2016, 21, 51–66, doi:10.1016/j.ajp.2015.12.008. 

24. Maxwell, M.A.; Cole, D.A. Weight Change and Appetite Disturbance as Symptoms of Adolescent 

Depression: Toward an Integrative Biopsychosocial Model. Clin Psychol Rev 2009, 29, 260–273, 

doi:10.1016/j.cpr.2009.01.007. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2025 doi:10.20944/preprints202506.0098.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0098.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 14 

 

25. American Psychiatric Association Diagnostic and Statistical Manual of Mental Disorders; American Psychiatric 

Association, 2013; ISBN 0-89042-555-8. 

26. Aslani, S.; Harb, M.R.; Costa, P.S.; Almeida, O.F.X.; Sousa, N.; Palha, J.A. Day and Night: Diurnal Phase 

Influences the Response to Chronic Mild Stress. Front Behav Neurosci 2014, 8, doi:10.3389/fnbeh.2014.00082. 

27. Cryan, J.F.; Slattery, D.A. Animal Models of Mood Disorders: Recent Developments. Curr Opin Psychiatry 

2007, 20, 1–7, doi:10.1097/YCO.0b013e3280117733. 

28. Bowman, R.; Frankfurt, M.; Luine, V. Sex Differences in Anxiety and Depression: Insights from Adult 

Rodent Models of Chronic Stress and Neural Plasticity. Front Behav Neurosci 2025, 19, 

doi:10.3389/fnbeh.2025.1591973. 

29. Oyola, M.G.; Handa, R.J. Hypothalamic–Pituitary–Adrenal and Hypothalamic–Pituitary–Gonadal Axes: 

Sex Differences in Regulation of Stress Responsivity. Stress 2017, 20, 476–494, 

doi:10.1080/10253890.2017.1369523. 

30. Seedat, S.; Scott, K.M.; Angermeyer, M.C.; Berglund, P.; Bromet, E.J.; Brugha, T.S.; Demyttenaere, K.; de 

Girolamo, G.; Haro, J.M.; Jin, R.; et al. Cross-National Associations Between Gender and Mental Disorders 

in the World Health Organization World Mental Health Surveys. Arch Gen Psychiatry 2009, 66, 785, 

doi:10.1001/archgenpsychiatry.2009.36. 

31. McLean, C.P.; Asnaani, A.; Litz, B.T.; Hofmann, S.G. Gender Differences in Anxiety Disorders: Prevalence, 

Course of Illness, Comorbidity and Burden of Illness. J Psychiatr Res 2011, 45, 1027–1035, 

doi:10.1016/j.jpsychires.2011.03.006. 

32. Koch, C.E.; Leinweber, B.; Drengberg, B.C.; Blaum, C.; Oster, H. Interaction between Circadian Rhythms 

and Stress. Neurobiol Stress 2017, 6, 57–67, doi:10.1016/j.ynstr.2016.09.001. 

33. Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. 

Regulation of the Hypothalamic-Pituitary-Adrenocortical Stress Response. In Comprehensive Physiology; 

Wiley, 2016; pp. 603–621. 

34. Malisch, J.L.; Saltzman, W.; Gomes, F.R.; Rezende, E.L.; Jeske, D.R.; Garland Jr., T. Baseline and Stress-

Induced Plasma Corticosterone Concentrations of Mice Selectively Bred for High Voluntary Wheel 

Running. Physiological and Biochemical Zoology 2007, 80, 146–156, doi:10.1086/508828. 

35. Musazzi, L.; Sala, N.; Tornese, P.; Gallivanone, F.; Belloli, S.; Conte, A.; Di Grigoli, G.; Chen, F.; Ikinci, A.; 

Treccani, G.; et al. Acute Inescapable Stress Rapidly Increases Synaptic Energy Metabolism in Prefrontal 

Cortex and Alters Working Memory Performance. Cerebral Cortex 2019, 29, 4948–4957, 

doi:10.1093/cercor/bhz034. 

36. Bonini, D.; Mora, C.; Tornese, P.; Sala, N.; Filippini, A.; Via, L. La; Milanese, M.; Calza, S.; Bonanno, G.; 

Racagni, G.; et al. Acute Footshock Stress Induces Time-Dependent Modifications of AMPA/NMDA 

Protein Expression and AMPA Phosphorylation. Neural Plast 2016, 2016, 1–10, doi:10.1155/2016/7267865. 

37. Karin, O.; Raz, M.; Tendler, A.; Bar, A.; Korem Kohanim, Y.; Milo, T.; Alon, U. A New Model for the HPA 

Axis Explains Dysregulation of Stress Hormones on the Timescale of Weeks. Mol Syst Biol 2020, 16, 

doi:10.15252/msb.20209510. 

38. Borrow, A.P.; Heck, A.L.; Miller, A.M.; Sheng, J.A.; Stover, S.A.; Daniels, R.M.; Bales, N.J.; Fleury, T.K.; 

Handa, R.J. Chronic Variable Stress Alters Hypothalamic-Pituitary-Adrenal Axis Function in the Female 

Mouse. Physiol Behav 2019, 209, 112613, doi:10.1016/j.physbeh.2019.112613. 

39. Tornese, P.; Sala, N.; Bonini, D.; Bonifacino, T.; Via, L. La; Milanese, M.; Treccani, G.; Seguini, M.; Ieraci, A.; 

Mingardi, J.; et al. Chronic Mild Stress Induces Anhedonic Behavior and Changes in Glutamate Release, 

BDNF Trafficking and Dendrite Morphology Only in Stress Vulnerable Rats. The Rapid Restorative Action 

of Ketamine. Neurobiol Stress 2019, 10, 100160, doi:10.1016/j.ynstr.2019.100160. 

40. Calabrese, F.; Savino, E.; Papp, M.; Molteni, R.; Riva, M.A. Chronic Mild Stress-Induced Alterations of 

Clock Gene Expression in Rat Prefrontal Cortex: Modulatory Effects of Prolonged Lurasidone Treatment. 

Pharmacol Res 2016, 104, 140–150, doi:10.1016/j.phrs.2015.12.023. 

41. Musaelyan, K.; Yildizoglu, S.; Bozeman, J.; Du Preez, A.; Egeland, M.; Zunszain, P.A.; Pariante, C.M.; 

Fernandes, C.; Thuret, S. Chronic Stress Induces Significant Gene Expression Changes in the Prefrontal 

Cortex alongside Alterations in Adult Hippocampal Neurogenesis. Brain Commun 2020, 2, 

doi:10.1093/braincomms/fcaa153. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2025 doi:10.20944/preprints202506.0098.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0098.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 14 

 

42. Christiansen, S.; Bouzinova, E.; Fahrenkrug, J.; Wiborg, O. Altered Expression Pattern of Clock Genes in a 

Rat Model of Depression. International Journal of Neuropsychopharmacology 2016, 19, pyw061, 

doi:10.1093/ijnp/pyw061. 

43. Musazzi, L.; Tornese, P.; Sala, N.; Lee, F.S.; Popoli, M.; Ieraci, A. Acute Stress Induces an Aberrant Increase 

of Presynaptic Release of Glutamate and Cellular Activation in the Hippocampus of BDNF Val/Met Mice. J 

Cell Physiol 2022, 237, 3834–3844, doi:10.1002/jcp.30833. 

44. Ieraci, A.; Mallei, A.; Popoli, M. Social Isolation Stress Induces Anxious-Depressive-Like Behavior and 

Alterations of Neuroplasticity-Related Genes in Adult Male Mice. Neural Plast 2016, 2016, 1–13, 

doi:10.1155/2016/6212983. 

45. Bouguiyoud, N.; Roullet, F.; Bronchti, G.; Frasnelli, J.; Al Aïn, S. Anxiety and Depression Assessments in a 

Mouse Model of Congenital Blindness. Front Neurosci 2022, 15, doi:10.3389/fnins.2021.807434. 

46. Barbieri, S.S.; Sandrini, L.; Musazzi, L.; Popoli, M.; Ieraci, A. Apocynin Prevents Anxiety-Like Behavior and 

Histone Deacetylases Overexpression Induced by Sub-Chronic Stress in Mice. Biomolecules 2021, 11, 885, 

doi:10.3390/biom11060885. 

47. Bonifacino, T.; Mingardi, J.; Facchinetti, R.; Sala, N.; Frumento, G.; Ndoj, E.; Valenza, M.; Paoli, C.; Ieraci, 

A.; Torazza, C.; et al. Changes at Glutamate Tripartite Synapses in the Prefrontal Cortex of a New Animal 

Model of Resilience/Vulnerability to Acute Stress. Transl Psychiatry 2023, 13, 62, doi:10.1038/s41398-023-

02366-w. 

48. Giacopuzzi, E.; Gennarelli, M.; Sacco, C.; Filippini, A.; Mingardi, J.; Magri, C.; Barbon, A. Genome-Wide 

Analysis of Consistently RNA Edited Sites in Human Blood Reveals Interactions with MRNA Processing 

Genes and Suggests Correlations with Cell Types and Biological Variables. BMC Genomics 2018, 19, 963, 

doi:10.1186/s12864-018-5364-8. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2025 doi:10.20944/preprints202506.0098.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0098.v1
http://creativecommons.org/licenses/by/4.0/

